Approximately 3% of the live-born infants have major dysmorphic features, and about two-thirds of which are observed in the maxillofacial region; however, in many cases, the etiology of the dysmorphic features remains uncertain. Recently, the genome-wide screening of large patient cohorts with congenital disorders has made it possible to discover genomic aberrations corresponding to the pathogenesis. In our analyses of more than 536 cases of clinically undiagnosed multiple congenital anomalies and mental retardation (MR) by microarray-based comparative genomic hybridization, we detected two non-consanguineous unrelated patients with microdeletions at 10p11.23-p12.1, which overlapped for 957 kb, including four protein-coding genes: ARMC4, MPP7, WAC and BAMBI. As the two patients had similar phenotypes; for example, MR and multiple maxillofacial abnormalities including midface retrusion, wide mouth and large tongue, we assessed the phenotypes in detail to define the common features, using quantitative evaluations of the maxillofacial dysmorphism. The concordance of the genetic and phenotypic alterations is a good evidence of a new syndrome. Although an interstitial deletion of 10p is rare, the current study is the first trial to examine precisely the craniofacial characteristics of patients with a heterozygous deletion at 10p11.23-p12.1, and presents good evidence to diagnose potential patients with the same genetic cause.
INTRODUCTION
Approximately 3% of the live-born infants have major dysmorphic features, about two-thirds of which are observed in the maxillofacial region, which potentially cause medical, social, cosmetic and psychological problems, although the etiology of a significant proportion of such cases remains unclear. [1] [2] [3] [4] Recently, array-based comparative genome hybridization (aCGH) has been employed for the diagnosis of patients with congenital disorders; for example, developmental delay/mental retardation (MR) and/or multiple congenital anomalies (MCA) in place of conventional karyotyping. 5 We have analyzed more than 500 patients with MCA and MR of unknown etiology using in-house bacterial artificial chromosome (BAC) arrays, including dysmorphic features in maxillofacial region, and assessed the pathogenicity of copy-number variants (CNVs). 6 Through the screening, we detected several cases with overlapping CNVs and similar phenotypes, which may potentially define a new syndrome. Among such cases, we detected two patients with common phenotypes including characteristic maxillofacial dysmorphisms with overlapping deletions at 10p11.23-p12.1. The concordance of phenotypic and genetic alterations in these two cases seems to provide evidence for establishing a new syndrome. Patients with an interstitial deletion at around 10p11.23-p12.1 have been rarely reported, although the deletion and severity of symptoms are variable. 7, 8 Thus, we evaluated in detail both the genomic aberrations and the clinical features including skeletal characteristics of the patients, and manifested a value of characteristic maxillofacial features defining a new syndrome corresponding with a deletion at 10p11.23-p12.1.
MATERIALS AND METHODS
We constructed a consortium with 23 medical institutes and hospitals in Japan, and had recruited more than 536 patients with MCA/MR clinically undiagnosed by an expert in medical genetics or a dysmorphologist. 6 All showed a normal karyotype with approximately 400-550 bands on G-banding karyotyping. Among the analyses, we detected the following two patients.
This study was approved by the local ethics committee and all the institutions involved in this project. All subjects provided written informed consent for the use of their phenotypic and genetic data.
Clinical report
Patient 1 was a 7-year, 10-month-old Japanese girl, born to healthy parents by normal vaginal delivery ( Figure 1a , Table 1 ). Her younger brother was healthy. Her psychomotor development was retarded; she first raised her neck at 8 months, rolled over at 21 months, sat unaided at 24 months and stood with support at 26 months. Her developmental quotient was 36 at the age of 2 years. She showed several characteristic dysmorphic features, especially in the maxillofacial area; flat occiput, frontal bossing, midface retrusion, coarse face, downslanted palpebral fissures, synophrys (apparent in the lateral half), deep set eyes, epicanthus, anteverted nares, wide nasal bridge, malformed auricles, wide mouth, absent Cupid's bow, everted vermilion of the upper lip, downturned corners of the mouth and large tongue (Figure 1a) . She also had several cardiac abnormalities (Table 1 ). Brain computed tomography showed no abnormality. Conventional karyotyping of her peripheral blood lymphocytes with approximately 400-550 bands revealed a normal female karyotype, 46,XX.
Patient 2 was a 6-year, 8-month-old Japanese boy, born to healthy parents by normal vaginal delivery ( Figure 1b , Table 1 ). His elder brother was healthy. His psychomotor development was moderately retarded; he raised his neck at 10 months, and at present, can speak several words. He also showed several dysmorphic features in the maxillofacial area; frontal bossing, midface retrusion, coarse face, downslanted palpebral fissures, synophrys (especially in the lateral half), deep set eyes, epicanthus, wide nasal bridge, bulbous nose, wide mouth, absent Cupid's bow, everted vermilion of the upper lip, downturned corners of the mouth and large tongue (Figure 1b) . He was diagnosed with a short stature and growth hormone deficiency. Brain magnetic resonance imaging showed no abnormality at that time. Conventional karyotyping of his peripheral blood lymphocytes with approximately 400-550 bands revealed a normal male karyotype, 46,XY.
DNA extraction
Genomic DNA and metaphase chromosomes were prepared from peripheral blood obtained with prior written informed consent from the parents. Genomic DNA as a normal control was obtained from a lymphoblastoid cell line of one healthy male and one healthy female as used in our previous study. 6 aCGH analysis
We applied an in-house BAC-based array, the 'MCG Whole Genome Array-4500' , which covers all 24 human chromosomes with 4523 BACs at intervals of approximately 0.7 Mb, 9 and also an oligonucleotide array (Agilent Human Genome CGH Microarray 244K; Agilent Technologies, Santa Clara, CA, USA). Hybridization and analysis were performed as described elsewhere. 6 
Fluorescent in situ hybridization
Fluorescent in situ hybridization was performed as described previously, 6 using BACs located around the region of interest as probes.
Cephalometric analysis
A cephalometric analysis was performed using lateral cephalometric radiographs to determine the extent of the skeletal and/or dental malocclusion. Traditional landmarks, linear and angular measurements, were used in this study. [10] [11] [12] Every measurement of the cephalogram was performed by one experienced orthodontist. To minimize error, each measurement was repeated at least twice. Every error in the measurement was within ±0.51 or 0.5 mm. These measurements were compared with sex, race and age-matched controls. The norms of the Japanese head circumference by Ishikawa et al., 13 the Japanese norms of N-Me (nasion menton), N-ANS (N-anterior nasal spine), ANS-Me, N-S (N-sella trucica), S-Ba (S-basion), ANS-PNS (ANS-posterior anasal spine ), Ar-Go (articulare-gonion) and Go-Pog (Go-pogonion) by Masaki, 14 the Japanese norms of SNA angle (angle between SN and NA), U1 (tip of the maxillary central incisor crown) to FH (frankfort horizontal plane), facial angle, SNB angle (angle between SN and NB), mandibular plane angle, gonial angle, L1 (tip of the mandibular central incisor crown) to mandibular plane angle and A-B plane angle by Iizuka, 11 and the norm of N-S-Ar reported by Björk 15 were employed (Table 2 ). Linear measurements of lateral cephalometric variables, based on Coben's coordinate system 10 using the Frankfort horizontal plane, were compared with the Japanese norms ( Table 2) .
RESULTS

Cytogenetic analyses
The aCGH analysis using the in-house Whole Genome Array-4500 detected partially overlapping heterozygous deletions at 10p11. Abbreviations: +, present; À, absent; AS, aortic stenosis; ASD, atrial septal defect; F, female; M, male; N/A, not applicable; PAPVD, partial anomalous pulmonary venous connection; PS, pulmonary stenosis.
23-p12.1 in both of the patients (Figure 1c) , and fluorescent in situ hybridization confirmed the deletions (Figure 1d ). In patient 2, fluorescent in situ hybridization detected the presence of two copies in both the parents, suggesting that the CNV was de novo (data not shown). The oligonucleotide array determined the precise sizes of the deletions (Figure 1e) (Figure 1f) . We also estimated all the CNVs detected by the BAC and oligonucleotide arrays other than the deletions at 10p11.23-p12.1 as non-pathogenic, in reference to the databases of the genomic variants; for example, Database of Genome Variation or Segmental Duplication Database (data not shown).
Intraoral and skeletal characteristics
No primary teeth of the patients had morphological defects, and no failure of eruption of the permanent teeth was found. As of the large tongue, the patients exhibited an anterior open bite due to the proclined anterior teeth (Figures 1a and b) . Using traditional landmarks, linear and angular measurements, cephalometric measurements of the patients were performed ( Figure 2a , Table 2 ). [10] [11] [12] Cephalometric radiographs showed no abnormalities in anatomy. Certainly, the significant craniofacial dysmorphology of our patients was characterized by reductions in the cranial base length (S-N) and midfacial depth (Ptm-A (Pterygomaxillary fissure-A)) as compared with the Japanese norms. 16, 17 Profilegrams also showed apparent maxillary retrognathism (Figures 2b and c) . The angle of the mandible (gonial angle) was less than 2 s.d. smaller. On the other hand, the ramus inclination was more than 2 s.d. higher in our patients. The proclination of both maxillary and mandibular incisors (U1 to FH and L1 to mandibular plane) was seen.
DISCUSSION
Recent advances in aCGH now allow for the detection of smaller CNVs with precise localization of the breakpoints and better delineation of the corresponding phenotype. Although this method is now important in identifying genes having a major role in the pathogenesis of congenital anomalies and mental retardation, it has not been used much in the field of dentistry. Through the screening of 536 patients with undiagnosed MCA/MR using aCGH, we detected overlapping Midface retrusion in del(10)(p11.23p12.1) N Okamoto et al interstitial deletions at 10p11.23-p12.1 in two patients. 6 The SRO was narrowed down to a 957-kb area after the fine mapping of deleted regions, and the two cases revealed many common clinical features, prompting us to define a genotype-phenotype correlation. Many of the prominent clinical characteristics in both cases were observed in the maxillofacial region: frontal bossing, midface retrusion, coarse face, downslanted palpebral fissures, synophrys, deep set eyes, epicanthus, wide nasal bridge, wide mouth, absent Cupid's bow, everted vermilion of the upper lip, downturned corners of the mouth, large tongue and short cranial base length. Additionally, the large tongue causes several symptoms of malocclusion; for example, labioclination of maxillary incisors, open bite and mild mandibular prognathism as previously reported. 18, 19 However, no reports have elaborated on the deformity of the facial anomalies.
To our knowledge, several cases of overlapping heterozygous deletions involved in 10p11-p12 have been reported. 7, 8 All of them revealed developmental delay and also seem to have similar characteristic phenotypes to our patients, although their maxillofacial features are not stated clearly (Table 1) . For example, deep set eyes were observed in both of our cases and five of the seven previously reported cases, suggesting this to be a common feature associated with the 10p11-p12 deletion and the phenotype resulting from midface retrusion. Although not described clearly, several features; for example, coarse face, large tongue, downturned corners of the mouth, wide mouth or absent Cupid's bow, were also probably observed in the previous cases. Thus, to assess the maxillofacial characteristics, we performed a quantitative examination of craniofacial characteristics through an orthodontics analysis; for example, cephalometric analysis in subjects with the 10p11-12 interstitial deletion. Subsequent maxillofacial characterization using cephalometric measurements demonstrated an obvious reduction in cranial base length and midfacial depth. The current study is the first to quantitatively measure the craniofacial characteristics in a subject with a 10p interstitial deletion.
The SRO of our cases contains four protein-coding genes; ARMC4, MPP7, WAC and BAMBI, and the latter two genes are also contained in the SRO of the reported cases. 8 WAC is reported to be one of the candidates for the developmental delay based on the evidences of Drosophila model, 8 although its function remains unknown. BAMBI encodes a transmembrane glycoprotein and is suggested to have a role in modulating the signaling range of the transforming growth factor-b family during early embryogenesis; 20 however, the Bambi del/del mutant mice did not exhibit any obvious defect in the skeletal and limb development and postnatal survival. 21 ARMC4 was identified as regulators of ciliogenesis, but the other functions remain unknown. 22 MPP7 belonging to the membrane-associated guanylate kinases are reported to form a complex, promoting epithelial cell polarity and tight-junction formation. 23 The concordance of both the phenotypes and the genotypes characterize the clinical condition corresponding to the deletion at the SRO. Thus, the mutation of a single gene involved in the SRO may also cause phenotypes identical to the patients with the deletion at 10p11.23-p12.1. However, other genetic modifiers also potentially affect phenotypes. For example, cardiac abnormalities are frequently observed in patients whose deletions at 10p11.23-p12.1 do not overlap (Table 1) . Other genetic components, for example, cryptic CNVs, at positions other than 10p11.23-p12.1, may modify the phenotypes in an additional or epistatic manner. 24 A number of rapidly developed cytogenetic and molecular approaches have been applied to the screening or investigation of various congenital disorders. However, a precise phenotypic assessment as well as high-performance genetic analysis is required to establish a correlation between genotypes and phenotypes. The current study is the first trial to examine quantitatively the craniofacial characteristics of patients with a heterozygous deletion at 10p11.23-p12.1. As the major features were observed in the maxillofacial region, the craniofacial assessment probably presents good evidence for diagnosing not only patients with the 10p11.23-p12.1 deletion, but also a patient with a mutation of the corresponding gene(s) in the SRO, WAC and/or BAMBI. Precise clinical assessment will be helpful to diagnose potential patients with the same genetic cause and to establish a correlation between genotypes and phenotypes.
